Perceptual closure is one of the principles by which the visual system groups disjointed contour segments belonging to a single object. Recently it has been reported that grouping based on perceptual closure operates only upon contour elements of a consistent contrast sign and is eliminated when closed contours contain contrast reversing segments [Elder, J. & Zucker, S. (1994) A measure of closure. Vision Research, 22,[3361][3362][3363][3364][3365][3366][3367][3368][3369]. The present study re-examines the effect of contrast polarity reversals on perceptual closure with special emphasis on differentiating the effect of the presence of contrast polarity reversals from the effect of their placement along the bounding contour. Results show that perceptual closure exhibits a strong dependence on the distribution of contrast polarity reversals: closed configurations containing intra-figural contrast reversals can be processed rapidly when contrast sign does not change at the corners of two-dimensional shapes. Ó
Introduction
One of the visual system's main achievements is the correct segregation and grouping together of the parts or features of images that constitute different objects. Understanding of how these elements are organised into coherent patterns of meaningful objects is still relatively incomplete and the investigation of various completion phenomena features importantly in efforts to understand the mechanisms underlying contour and surface interpolation (Grossberg, 1994; Kellman & Shipley, 1991; Spillman & Werner, 1996) . The completion phenomenon of interest here, perceptual closure, refers to various forms of perceived grouping among fragmented or separated image contours.
The importance of closure as a perceptual property has been offset by the difficulty of operationalising it. The closure of boundaries allows the perception of figure and ground and in turn plays a crucial role in determining the shape of an object. This was first recognised by the Gestalt psychologists who noted that ''Ordinary lines, whether straight or curved, appear as lines not as areas. They have shape, but they lack the difference between an inside and an outside... If a line forms a closed, or almost closed, figure, we see no longer merely a line on a homogeneous background, but a surface figure bounded by the line'' (Koffka, 1935) . Later research has suggested that closure is an emergent perceptual feature that can be extracted early as a simple property, rather than being created by recombining the individual components (Donnelly, Humphreys, & Riddoch, 1991; Treisman & Patterson, 1984) . Kovacs and Julesz (1993) found significant pop-out effects for closed arrangements of line-like boundary fragments confirming the importance of closure in the preattentive processing of form.
Significant recent advancement in understanding the properties of perceptual closure as well as its utility in shape processing was provided by Elder and Zucker (1998 , 1994 . They used a visual search methodology but, unlike the traditional methods involving the search for a target defined by the presence or absence of closure relative to the background array of (to a varying degree) open distractors, the degree of closure was equal for both the target and the distractors. The degree of closure was varied independently from contour features that distinguish target from distractors. Thus closure inducing segments by themselves provided no means for discrimination between target and distractors. Elder and Zucker (1993) found that the search efficiency for a Elder and Zucker (1993) showed that the reversal in contrast sign of the side fragments was responsible for this decline, because a reduction in contrast along the side fragments without the change in sign produced only in a mild decline in performance. This pattern of results led to the postulation of a Contrast Sign Principle, which states that perceptual closure operates only upon contours of a consistent contrast sign (Elder & Zucker, 1993) .
In general, the role of contrast polarity has featured prominently in investigations of perceptual completion and other grouping phenomena. The sensitivity of a particular grouping process to varying the contrast polarity of the elements to be grouped is usually taken as diagnostic of whether a grouping process is mediated by neural interactions that operate over small spatial distances or by those that involve the interaction of spatially extended elements. It is argued that grouping phenomena based on short-range neural interactions are destroyed by reversing the contrast of elements to be grouped, while grouping mechanisms that depend upon longer-range interactions seem to be robust to differences in contrast polarity (Glass & Switkes, 1976; Grossberg & Mingolla, 1985; Shapley, Caelli, Grossberg, Morgan, & Rentschler, 1990; Zucker & Davis, 1988) . For example, the circular grouping of the dots in the Glass pattern depicted in Fig. 1 (top left panel) is no longer evident when alternate dots reverse contrast polarity (top right panel). On the other hand, the grouping of spatially separated but collinear inducing elements in modal completion is relatively insensitive to variations in contrast polarity as shown in the two bottom panels in Fig. 1 (Pradzny, 1983; Shapely & Gordon, 1985) . This is considered a long-range process.
The difference in sensitivity to contrast polarity between perceptual closure and phenomena such as modal completion has been taken to reflect the distinction between early shape-from-contour processes and higher level processes involved in the perception of three-dimensional surfaces and occlusion (Elder & Zucker, 1993; Todman & Claridge, 2000) . Such a distinctionisquestioned in this paper by re-examining the effect of contrast polarity reversals in perceptual closure. It is shown that the Contrast Sign Principle lacks generality in the perception of closure. Instead it is demonstrated that perceptual closure is sensitive to the distribution of contrast polarity reversals in a manner similar to modal completion phenomena.
The present research builds upon contour-based computational models of shape perception which emphasise the importance of points in the image at which the orientation of a bounding edge changes (curvature extrema), or at which edges of different orientation intersect (Barrow & Tennenbaum, 1981; Hoffman & Richards, 1984; Kanade, 1980) . Biedermann (1988 Biedermann ( , 1987 showed that when the contours of objects were deleted at concavities (which are critical for the segmentation of an object into separate parts), the loss in speed and accuracy of identification was greater than when the contours were deleted within straight segments. The proportion of contour present was clearly less important than its spatial location and type. I argue that the sensitivity of perceptual closure to changes in contrast polarity might be similarly constrained by such factors. More specifically, whether perceptual closure Table 1 Stimuli and search rates from Elder and Zucker (1993) Target / occurs (or not) might depend upon where the contour contrast changes sign. In the configuration used by Elder and Zucker (1993) the contrast polarity reversals coincide with the points of highest degree of change in the contour's direction. Such points correspond to the intersection of lines of different orientation. Although the probability that an arbitrary pair of such intersecting lines belong together in a scene is not high, it is much increased if the lines have the same contrast polarity. If contrast polarity reverses at such junctions the probability that these segments will be grouped together is decreased. It seems quite plausible that the deterioration in shape discrimination performance reported by Elder and Zucker (1993) was determined not by the presence of contrast polarity reversals along closed contours per se, but by their placement at the points of highest curvature change along a bounding contour.
The present study investigates shape discrimination in configurations similar to those used by Elder and Zucker (1993) but with an emphasis on dissociating the effect of the presence of contrast polarity reversals from the effect of their placement along the bounding contour. The configurations used in this study are shown in Fig. 2 . The first three configurations (depicted in Fig.  2(a) -(c)) are identical to those used by Elder and Zucker (1993) and are used in order to replicate previous findings with open, closed and contrast polarity reversing configurations and to serve as a baseline. The two remaining configurations contain the same number of contrast polarity reversals placed differently along the bounding contour. In these configurations the contrast polarity reversals occur either at points with smaller deviations in contour direction (see Fig. 2(d) ) or along straight contour segments as depicted in Fig. 2(e) . If perceptual closure operates only upon contours of consistent contrast sign, then shape discrimination should be impaired in all configurations containing contrast reversals along closed contours and remain unaffected by their placement along the contour. On the other hand, if perceptual closure is sensitive to the distribution of contrast polarity reversals, the displacement of contrast polarity reversals away from the points of highest curvature along the bounding contour should result in comparatively more efficient search rates.
Methods

Participants
A total of seventy-five undergraduate psychology students at the University of New South Wales participated in five experimental conditions (fifteen in each condition) in return for course credit. All had either normal or corrected-to-normal visual acuity.
Apparatus and material
The experiment was conducted on a Power Macintosh 7600/132 computer with a 17 inch high-resolution colour monitor (Apple AV1700). Display presentation and data collection were designed and controlled by VSearch Colour software (Enns, Ochs, & Rensink, 1990) . The experimental and control stimuli were based on configurations used in the original study of Elder and Zucker (1993) and are shown in Fig. 2 . The luminance of the black segments was 7.5 cd/m 2 while the luminance of the white segments was 100 cd/m 2 . All stimuli were presented against a homogeneous grey background whose luminance was 30 cd/m 2 . The contrast of black and white segments ðcalculated as ðL max À L min Þ=ðL max þ L min ÞÞ was 60% and 54% respectively. The length of the top and bottom straight connecting segments were identical for the target and distractor configurations, each of which subtended an area of approximately 0:5°Â 0:5°of visual angle. They appeared randomly positioned within a 5 Â 5 invisible grid centred on the screen which subtended an area of 11°Â 8°of visual angle. The position of each display element was randomly jittered within each grid element and their orientation was randomly varied between the four values (À60°, À30°, þ30°and þ60°where positive and negative values indicate clockwise and anti-clockwise directions respectively).
Procedure
Stimuli were presented on a computer screen in a dimly lit room. Participants sat 1 m away from the screen and responded with the index and middle finger of the dominant hand by pressing the appropriate response keys. They were instructed to respond quickly and accurately whether the target configuration was present or absent on any given trial.
The participants were randomly assigned to one of the five conditions shown in Fig. 3 . At the beginning of the experiment, the participants were shown examples of the target and distractor configurations for that block and given 10 practice trials. The experiment was divided into six blocks consisting of 60 trials each, totalling 360 trials: 120 trials for each display size of 8, 16 and 24 elements. The target configuration was present on 50% of these trials, while on the remainder of the trials only distractors were present. Trials were presented in random order. There were breaks at the end of each experimental block.
Stimulus presentation ran as follows: a central fixation point appeared for 500 ms followed by the visual search display. The display was presented for 4500 ms or until the subjects pressed a key to indicate whether the target was present or not. Immediately following the response, visual feedback would appear for 500 ms (plus or minus sign presented in the middle of the screen for correct and wrong responses respectively; if the participant failed to make a response during the 4500 ms of display presentation, a ''zero'' sign appeared on the screen).
Results
The three dependent measures assessed were reaction times, error rates and search rates. Search rates were calculated by fitting linear regression functions to each individual's data in order to estimate the individual's search rate as a function of display size for each experimental condition. The hypotheses of interest to the present study were tested with the search rate data. The reaction time and error rate data are presented only in a limited form.
Mean reaction times, error rates and search rates for five conditions are shown in Fig. 3 . The data from the target-present trials are shown in the left column and the data from the target-absent trials are shown in the right column. The error bars represent standard errors of the means for the corresponding conditions. The data for ''target-present'' and ''target-absent'' trials follow similar trends and only the analysis performed on the data from Fig. 3 . Results: reaction times (top two panels) and error rates (bottom two panels) for target-present trials (two panels on the left) and target-absent trials (two panels on the right) in five experimental conditions. ''target-present'' trials is reported here. Simple linear contrasts were performed to test the hypotheses of interest.
Search was more efficient in the closed than in the open configurations (t ð14Þ ¼ 5:88, p < 0:01). In agreement with the results obtained by Elder and Zucker (1993) , there was no significant difference between the search rates for the open configuration and the configuration where contrast polarity reversals occurred at the points of the highest curvature (t ð14Þ ¼ 1:91 ns). As expected, there was a statistically significant difference in search rates among configurations containing contrast polarity reversals dependent on the distribution of such reversals along the contour. The search rates were significantly lower in the two configurations containing contrast polarity reversals positioned away from the points of highest curvature along the contour than in the configuration where contrast reversals coincided with such points (t ð14Þ ¼ 6:35, p < 0:01 between configurations Fig. 2d and c, and t ð14Þ ¼ 7:45, p < 0:01 between configurations Fig. 2e and c) . In fact the search rates in these configurations were very similar to that in the closed configuration.
Discussion
The present results replicate the findings of Elder and Zucker (1993) 1 in that search is faster with closed than open configurations but also show that the discrimination of closed contrast reversing contours depends on the distribution of contrast polarity reversals within such configurations. The pattern of results in both configurations where contrast polarity reverses at straight(er) contour segments ( Fig. 2(d) and (e)) is inconsistent with the Contrast Sign Principle in the perception of closure which implies that shape processing should be impaired in any configuration containing segments of different contrast polarity. The data in this study show that shape discrimination performance is impaired primarily in configurations where contrast polarity reverses at points of high degree of change in contour direction. With contrast polarity reversals removed from such points, shape discrimination performance was nearly as efficient as with those containing no reversals in contrast polarity.
One of the configurations in which contrast polarity reverses along the straight contours' segments ( Fig. 2(e) ) is qualitatively similar to a configuration previously tested by (Elder, 1992) . However, in his study, the search efficiency for this configuration, although better than the one for the open stimuli, was not as efficient as that for the closed stimuli. The reason for this slight discrepancy is not clear. There was a small quantitative difference between the stimuli in the two studies: the target and distractors differed to a somewhat greater extent in the present study as compared to that of Elder (angular differences of 30°and 23°respectively). Although, this constitutes an approximate increase of 30% in signal strength in the present study, it is unlikely that this has resulted in a ''floor effect'' by which differences in the processing of the stimuli have been obscured by the task's easiness. The present search times were in the range between 600-700 ms which is well above the search times (in the range between 500 and 600 ms) reported in a number of studies that involved the same visual search methodology with a variety of two-dimensional and three-dimensional configurations Rensink & Enns, 1995) . Taken together, the results of this study and that of Elder (1992) agree in suggesting that the detrimental effects of contrast polarity reversals are of more modest magnitude when they occur at straight(er) contour segments.
Even though the configurations with contrast polarity reversals used in this study were equated for the number of contrast polarity reversals along the bounding contour they differ in respect to the length and the spatial layout of fragments of a single polarity. The amount of partial closure that could be utilised in a shape discrimination task provided by single contrast polarity fragments in these configurations differs.
2 The single polarity fragments in the configurations depicted in Fig.  2 (e) provide a higher degree of perceived closure than the single polarity fragments in Fig. 2(c) and (d) . In order to reveal to what extent performance in closed configurations containing contrast polarity reversals is based on the information provided within the fragments of single contrast polarity, a direct comparison between search rates in configurations depicted in Fig. 4 was performed.
1 In general, the search rates obtained in this study are somewhat shallower than the ones in Elder and Zucker (1993) and Elder (1992) due to the use of different variants of the visual search procedure. In their studies the target was always present and the participants had to correctly identify its location which in general resulted in longer RT and higher search rates. However, the obtained absolute values of the search rates are of less interest than the relationships between the search slopes for different configurations obtained with the same procedure.
2 The information contained within such fragments of a single contrast polarity could be presumably processed separately within ONand OFF-channels (Theeuwes & Kooi, 1994; Schiller, 1992) .
3 Fifteen undergraduate psychology students at the University of New South Wales participated in each of the four control conditions. The apparatus and procedure were identical to that used in the main experiment.
shown in the right column. The error bars represent standard errors of the means for the corresponding conditions.
The search efficiency for fragments of single contrast sign was much inferior to that in the comparable closed configurations (t ð14Þ ¼ 11:37, p < 0:01 between configurations Fig. 4a and b, and t ð14Þ ¼ 7:27, p < 0:01 between configurations Fig. 4c and d) . These results clearly show that the search efficiency for closed configurations containing contrast polarity reversals positioned away from the points of highest curvature cannot be accounted for by the information provided within the fragments of one contrast polarity. The search rate in fragmented configurations was strongly influenced by the differences in partial closure provided by segments of a single contrast polarity while there was no difference in search rates between non-fragmented configurations containing the same single contrast polarity fragments.
The difference in search rate between the two fragmented configurations is consistent with the view that perceptual closure is not an all or none phenomenon but best described as a continuum. In other words, there is no critical point at which closure always occurs but the efficiency of perceptual unit formation (and the associated processing of a shape's or a contour's properties) is a function of the degree to which a contour is closed. This was first demonstrated by Gillam (1975) who found that the degree to which two ambiguously rotating lines were perceived as a unit decreased montonically as a function of the gap size between closure-inducing ele- . Results: reaction times (top two panels) and error rates (bottom two panels) for target-present trials (two panels on the left) and target-absent trials (two panels on the right) in four control conditions. ments added to such rotating lines. This finding was extended by Elder and Zucker (1993) who showed that the reaction time to detect targets of varying degrees of openness decreased monotonically as the length of the connecting segments increased. The data in the present study also conform to the same trend. The search rates for the configuration with an intermediate degree of physical closure fall between the rates for the open and closed configurations.
Conclusion
Previous research suggested that the presence of contrast polarity reversals along the bounding contour destroys perceptual closure (Elder & Zucker, 1993 ). The present study shows that perceptual closure is not eliminated by the presence of contrast polarity reversals per se, but exhibits a strong dependence on their distribution along the bounding contour. The presence of contrast polarity reversals was found to be detrimental to search efficiency when they were positioned at corners or at points of high contour curvature as these points are, in general, useful for the segmentation of objects into their parts and for other inferences about shape. The detrimental effects of contrast polarity reversals were more modest when they occurred at straight(er) contour segments. These findings are in agreement with a number of studies showing that grouping of spatially separated collinear line segments does not appear to be sensitive to changes in contrast polarity (Gilchrist, Humphreys, Riddoch, & Neumann, 1997; Shapely & Gordon, 1985; Dresp, Salvano-Pardieu, & Bonnet, 1996) .
An earlier study (Spehar, 2000) has shown an analogous dependence on the distribution of segments of different contrast polarity in modal completion. Shape discrimination used as an objective measure of the saliency of illusory figures revealed pronounced degradation of illusory boundaries when contrast polarity reversed at the corners within each inducer. However, when contrast polarity reversals were shifted from the corners, shape discrimination performance was largely restored. Taken together with the results of the present study, this evidence suggests that the distinction between perceptual closure as an early shape from contour process and other completion phenomena is not warranted. Instead, it is shown here that the distribution of contrast polarity in an image plays an important role in both perceptual closure and modal completion.
